† Backgrounds and Aims The spatial separation of stigmas and anthers (herkogamy) in flowering plants functions to reduce self-pollination and avoid interference between pollen dispersal and receipt. Little is known about the evolutionary relationships among the three main forms of herkogamy -approach, reverse and reciprocal herkogamy (distyly) -or about transitions to and from a non-herkogamous condition. This problem was examined in Exochaenium (Gentianaceae), a genus of African herbs that exhibits considerable variation in floral morphology, including the three forms of herkogamy. † Methods Using maximum parsimony and maximum likelihood methods, the evolutionary history of herkogamic and non-herkogamic conditions was reconstructed from a molecular phylogeny of 15 species of Exochaenium and four outgroup taxa, based on three chloroplast regions, the nuclear ribosomal internal transcribed spacer (ITS1 and 2) and the 5 . 8S gene. Ancestral character states were determined and the reconstructions were used to evaluate competing models for the origin of reciprocal herkogamy. † Key results Reciprocal herkogamy originated once in Exochaenium from an ancestor with approach herkogamy. Reverse herkogamy and the non-herkogamic condition homostyly were derived from heterostyly. Distylous species possessed pendent, slightly zygomorphic flowers, and the single transition to reverse herkogamy was associated with the hawkmoth pollination syndrome. Reductions in flower size characterized three of four independent transitions from reciprocal herkogamy to homostyly. † Conclusions The results support Lloyd and Webb's model in which distyly originated from an ancestor with approach herkogamy. They also demonstrate the lability of sex organ deployment and implicate pollinators, or their absence, as playing an important role in driving transitions among herkogamic and non-herkogamic conditions.
INTRODUCTION
Animal-pollinated plants display diverse floral strategies that function to influence pollination and mating. One of the most widespread conditions is herkogamy, from the Greek herko (fence) and gamos (marriage), which involves variation in the spatial deployment of female and male sexual organs within and between flowers (Webb and Lloyd, 1986) . Herkogamy is most commonly interpreted as a mechanism that restricts selffertilization and the deleterious consequences of inbreeding depression on progeny fitness. Indeed, there is considerable evidence from self-compatible species that the distance separating stigmas and anthers within a flower influences mating patterns (e.g. Breese, 1959; Barrett and Shore, 1987; Takebayashi et al., 2006) . However, many plant species with herkogamy are selfincompatible and are protected from the harmful effects of inbreeding. This has led to an alternative hypothesis for the function of herkogamy involving a reduction in sexual interference between pollen dispatch and pollen receipt (Webb and Lloyd, 1986; Barrett, 2002) , a general problem of floral architecture in hermaphroditic flowers.
Although there are various forms of herkogamy (reviewed in Webb and Lloyd, 1986) , three major types are commonly recognized -approach herkogamy, reverse herkogamy and reciprocal herkogamy. In populations with approach herkogamy, stigmas are positioned above anthers within a flower; whereas, in populations with reverse herkogamy the opposite pattern occurs. Both approach and reverse herkogamy are most commonly monomorphic conditions, although there can be significant variation among plants in the degree of stigma -anther separation, including continuous variation encompassing both forms of herkogamy (Forrest et al., 2011; Kulbaba and Worley, 2012) . Among angiosperm families, approach herkogamy is considerably more frequent than reverse herkogamy (Webb and Lloyd, 1986) .
The third major form of herkogamy is reciprocal herkogamy, more commonly referred to as distyly, in which populations are polymorphic for approach and reverse herkogamous morphs. Distyly is reported from approx. 28 angiosperm families (Darwin, 1877; Ganders, 1979; Barrett, 1992; Barrett and Shore, 2008; Weller, 2009; Cohen, 2010) . Finally, the non-herkogamous condition homostyly commonly occurs as a derived condition in many heterostylous groups as a result of the evolutionary breakdown of distyly (Darwin, 1877; Ganders, 1979; Barrett, 1989; Naiki, 2012) . In homostylous populations, flowers exhibit anthers and stigmas of the same height and, as a result, are often highly self-pollinating. Homostylous taxa usually have smaller flowers than their distylous ancestors.
Theoretical models of the evolution of reciprocal herkogamy emphasize different selective forces, involve different ancestral states and propose contrasting sequences in which the morphological and physiological components of the distylous syndrome are assembled (Charlesworth and Charlesworth, 1979a; Lloyd and Webb, 1992a, b; reviewed in Barrett and Shore, 2008) . In the Charlesworth and Charlesworth (1979a) model, dimorphic incompatibility evolves prior to reciprocal herkogamy in a selfcompatible ancestor in which stigmas and anthers are of the same height. In contrast, in the Lloyd and Webb model (1992b) , reciprocal herkogamy evolves from an approach herkogamous ancestor, and the subsequent establishment of dimorphic incompatibility may or may not occur, depending on various selective forces. Both models include an intermediate stage involving stigma-height dimorphism. Determining the ancestral states and sequence of character evolution in heterostylous lineages is necessary to distinguish between these models of the evolution of distyly. The limited comparative evidence available tends to support the Lloyd and Webb model (Graham and Barrett, 2004; Pérez-Barrales et al., 2006; Ferrero et al., 2009) , although these studies are currently restricted to a few taxa (Narcissus and Lithodora). Both of these genera have atypical forms of heterostyly, so it is unclear how representative these groups are with respect to transitions in other distylous taxa. Unfortunately, heterostylous clades often do not contain the three main herkogamic conditions (i.e. approach, reverse and reciprocal herkogamy), and this has limited opportunities to investigate the sequence of evolution among these conditions using comparative approaches (but see Cohen et al., 2012) .
Exochaenium (Gentianaceae), a small genus of 22 species endemic to Africa, provides a valuable opportunity to investigate the evolutionary relationships among the three main herkogamous conditions as each is represented within the genus.
Moreover, species of Exochaenium exhibit considerable floral diversity ( Fig. 1) , including variation in the length and form of the corolla tube (infundibuliform or cylindrical), corolla colour (white or bright yellow to salmon) and flower presentation (inclined/pendulous or erect). This diversity provides an opportunity to assess to what extent variation in floral traits may be associated with evolutionary transitions among herkogamic conditions, an approach that has proven to be valuable in other groups (e.g. Graham and Barrett, 2004) .
Here, we use a molecular phylogeny of Exochaenium to reconstruct the evolutionary history of herkogamous and nonherkogamous conditions. Our study addresses the following specific questions. (1) Has reciprocal herkogamy evolved more than once in Exochaenium and what are the ancestral states and intermediate stages that are involved? (2) What are the evolutionary relationships between approach, reverse and reciprocal herkogamy, and also between herkogamous and non-herkogamous conditions? (3) Are there associations between these conditions and particular floral traits? We discuss the implications of our findings for models of the evolution of distyly and also evaluate the functional basis for several of the floral associations revealed by our study.
MATERIALS AND METHODS

Study group
Exochaenium is endemic to sub-Saharan Africa, with species occurring in most tropical and sub-tropical regions of the continent, particularly on the Katanga plateau (Angola, Democratic Republic of Congo and Zambia), with many extending to the Sudano-Zambesian and Guineo-Congolian regions (Kissling, 2012) . All species are erect, insect-pollinated annuals with populations occurring in a wide variety of habitats, including tropical forest (E. oliganthum), grasslands and savannas (most of the species), marshes or water-logged areas (e.g. E. teucszii and E. clavatum) or sandy riverbanks (e.g. E. debile). Annual population sizes fluctuate considerably owing to seasonal variation in moisture availability. The flowers of Exochaenium species are white, rarely yellow or salmon, and protandrous, with a tendency for zygomorphy in species with pendent flowers. Heterostyly has long been recognized in the genus (Welwitsch, 1869; Gilg, 1895; Schinz, 1906; Hill, 1908; Vogel, 1955; Raynal, 1967; Ornduff, 1974; Nemomissa, 2002; Wolfe et al., 2009) , but there appears to be considerable variation in expression both within and among species. For example, E. oliganthum produces both chasmogamous and underground cleistogamous flowers (Raynal, 1967) . The chasmogamous flowers are reported to be distylous, whereas the cleistogamous flowers are much reduced in size.
Sampling, data collection and sequencing
We sampled leaf material from 15 out of 22 species of Exochaenium (68 % of the genus) from natural populations during 2004 -2010, attempting to maximize the ecological and morphological variation within the genus. We followed sampling methods and material preservation previously described in Kissling et al. (2009a) . The seven species that were not collected are all rare, often only known from the type locality, and, despite having made the effort to visit these localities, we were unable to find them. Additionally, representative species from four related genera (Exacum, Lagenias, Sebaea and Tachiadenus) were used as outgroups in our phylogenetic reconstructions.
Our data matrix consisted of three chloroplast regions (trnL intron, trnL-F spacer and the atpB-rbcL spacer) as well as the nuclear ribosomal internal transcribed spacer (ITS1 and 2) and the 5 . 8S gene. When available, we used previously published DNA sequence data of the Exaceae (Kissling et al., 2009a, b) . To these pre-existing data, we added 41 new sequences (GenBank accession numbers KC763515-KC763547; Supplementary Data Table S1 ) following methods previously described for Exaceae (see Yuan et al., 2003; Kissling et al., 2009a) . To detect errors and correct uncertainties in the computer-generated sequence, we compared aligned tracefiles in CHROMASPRO version 1 . 33 (Technelysium Pty Ltd, Queensland, Australia). Alignment was performed using CLUSTAL W (Thompson et al., 1994) as implemented in GENEIOUS version pro 5 . 6 . 6 (Biomatters Ltd, New Zealand) with subsequent manual improvement. The data matrix containing the aligned sequences is available on TreeBase (study ID: 13986).
Phylogenetic analysis
We employed Bayesian inference using MRBAYES version 3 . 1 . 2 (Huelsenbeck et al., 2001; Ronquist and Huelsenbeck, 2003) with data partitioned by 'gene'. The most appropriate model of sequence evolution for each partition was determined using MRMODELTEST version 2 . 2 (Posada and Crandall, 1998; Nylander, 2004; Posada and Buckley, 2004) . Default priors were used for the base frequency parameters. Two independent analyses, each with four Markov chains, three heated and one cold, and starting from a random tree, were run simultaneously for 10 million generations, with trees sampled every 1000 generations. We used the online program AWTY (Wilgenbusch et al., 2004) to check for stationarity. Trees generated before the four Markov chains reach stationarity (the 'burn-in') were discarded. The remaining trees were used to construct a 50 % majority rule consensus tree. The congruence between the chloroplast and nuclear data was assessed by visually comparing the topology of both trees.
Character coding
The characters were coded (Table 1 ) based on field observations and surveys of herbarium specimens and the literature. Sampling effort per population is provided in Supplementary Data Table S2 . The variation in herkogamy condition was coded as: (a) approach herkogamy; (b) reverse herkogamy; (c) reciprocal herkogamy; and (d) anthers and stigma at the same level (homostyly). These codings were straightforward for most species, except for the following, which were coded as polymorphic: (a) E. grande -populations of this species included those with reciprocal herkogamy but also populations with stigma-height dimorphism (anthers at the same level but stigmas dimorphic in height) and populations monomorphic for plants with stigmas and anthers at a similar height; (b) E. oliganthum -this species has been described as possessing reciprocal herkogamy but also with several populations with short styles only (reverse herkogamy; Raynal, 1967) ; (c) E. perparvum has been described as 'heterostylous' (Nemomissa, 2002) , but Exochaenium grande a, b and c refer to three different populations, as listed in Supplementary Data Table S1 . additional populations we observed were monomorphic for plants exhibiting stigmas and anthers at the same level; and (d ) E. platypterum is usually non-herkogamous, but we observed a few populations with approach herkogamy.
We coded variation in corolla shape as being either infundibuliform ¼ funnel shaped (0) or cylindrical and narrow (1), whereas flower colour variation was coded as white (0) or (1) pigmented (yellow to salmon) and flower presentation as either inclined/pendulous (0) or erect (1). The depth of the corolla tube was coded as (0) short (,20 mm) and (1) long (.25 mm). Finally, the width of the flower was coded as (0) small (1 -4 mm), (1) medium (4 -15 mm) and (2) large (.15 mm). The size cut-offs we chose for these floral traits were based on natural gaps in the range of variation (see Kissling, 2012) and probably reflect functionally important divisions in plant -pollinator interactions.
Ancestral state reconstruction and correlated evolutionary changes
Ancestral state reconstructions depend on outgroup selection. However, in the tribe Exaceae, all genera exhibit approach herkogamy, except Exochaenium and Sebaea.
We reconstructed character state evolution using MESQUITE 2 . 75 (Maddison and Maddison, 2011) , the Bayesian phylograms using both maximum parsimony and maximum likelihood approaches (Pagel, 1999; Maddison and Maddison, 2000) , and assuming that all character state transitions occur at the same rate and are unordered. We manually resolved a basal polytomy formed by outgroups, according to the relationships obtained in Kissling et al. (2009a) . We further tested for correlated evolution among floral traits using Pagel's (1994) likelihood approach for discrete characters as implemented in MESQUITE 2 . 75. Traits originally coded as multistate were recoded as binary, so that each state was transformed into a new trait coded as presence/ absence, because MESQUITE does not allow evolutionary correlations to be performed between multistate characters. One hundred searches were carried out, with the P-values being estimated from 1000 repeated simulations.
RESULTS
Phylogenetic relationships
The phylogeny of Exochaenium was statistically well supported (Fig. 2) , and the posterior probabilities (hereafter pp) of each clade are indicated at nodes in the tree (arithmetic mean of the loglikelihood of trees sampled after the burn-in ¼ -7211 . 41; harmonic mean ¼ 7211 . 001). Exochaenium grande is sister to the rest of the genus ( pp ¼ 1 . 0), which is further divided into two main clades. The first ( pp ¼ 0 . 88) is composed of E. oliganthum, E. perparvum and E. platypterum; the second (pp ¼ 1 . 0) constitutes the majority of the genus. Exochaenium exiguum is closely related to E. debile (pp ¼ 0 . 97) and sister to the remaining species.
Reconstructions of floral traits
Ancestral character state reconstruction indicated that reciprocal herkogamy (distyly) arose once in Exochaenium from an ancestor with approach herkogamy (Fig. 2) . The transition to distyly is correlated with inclined (P , 0 . 05), infundibuliform (P , 0 . 05) and, to a lesser extent, white (0 . 05 , P , 0 . 1) flowers. Distyly was subsequently lost on five occasions, once resulting in reverse herkogamy, and four resulting in the nonherkogamic condition homostyly (style and anthers at the same level). Three of the transitions to homostyly were accompanied by reductions in flower size (P , 0 . 05). There were no significant associations between morphological characters and transitions between herkogamous conditions, with the exception of the breakdown of distyly to reverse herkogamy. In this case, the loss of stylar dimorphism to monomorphism was associated with the acquisition of erect flowers, long cylindrical floral tubes (P , 0 . 01) and night flowering, thus suggesting a transition to hawkmoth pollination.
DISCUSSION
We investigated variation and evolution of herkogamy in the poorly known African genus Exochaenium of the Gentianaceae. Our phylogenetic reconstructions of herkogamic and non-herkogamic conditions indicate that reciprocal herkogamy arose once from an approach herkogamous ancestor, and that the distylous polymorphism has broken down on multiple occasions, resulting in either homostyly or reverse herkogamy (Fig. 2) . Both of these transitions were associated with changes to floral traits other than the sex organs, suggesting modifications in the reproductive biology of populations. We now discuss the implications of these findings for the evolution and breakdown of heterostyly and consider the role that pollinators may have played in the evolutionary transitions we have documented.
Evolution of heterostyly
Although the breakdown of heterostyly to various derived conditions has been well documented since Darwin's (1877) seminal work, our knowledge of the evolutionary build-up of the polymorphism is still poorly understood. This gap in our understanding is largely because the origin of heterostyly is a relatively rare event, whereas its breakdown has occurred on numerous occasions in most heterostylous groups, including on multiple occasions within species (reviewed in Ganders, 1979; Barrett, 1989; Weller, 1992; Barrett et al., 2009; Naiki, 2012) . Given the complexity of the heterostylous syndrome, it is unsurprising that our reconstructions revealed a single origin within Exochaenium, although phylogenetic evidence from other lineages of Gentianaceae in which the polymorphism occurs suggests that heterostyly may have had multiple origins within the family (J. Kissling, unpubl. res.) . As yet it is unclear what intrinsic and extrinsic conditions may have favoured the evolution of distyly in Exochaenium. However, general features of the flower, such as the relatively long 'depth-probed' corolla tube, inserted stamens and the location of the stigma above the anthers, were probably shared by the common ancestor of the tribe (Kissling et al., 2009a, and unpubl. res.) and these traits may have favoured the selection of distyly, as postulated by Lloyd and Webb (1992a, b) . The transition to distyly was accompanied by changes in a suite of floral characters including flower shape, colour and presentation, which seem likely to have also been driven by pollinator-mediated selection. Table S1 .
Consistent with Lloyd and Webb's (1992a, b) pollen transfer model of the evolution of distyly, our reconstructions indicated that reciprocal herkogamy arose from approach herkogamy, the ancestral condition of the Exaceae, but a form of herkogamy generally absent from the species of Exochaenium sampled in this study. In contrast to Lloyd and Webb (1992a) , the Charlesworth and Charlesworth (1979a) model of the evolution of distyly postulates a homostylous ancestor. However, this ancestral condition seems rather unlikely because it commonly promotes high rates of self-fertilization and this would prevent strong inbreeding depression, a necessary condition in their model for the evolution of diallelic incompatibility (Ganders, 1979) . Our character reconstructions did not consider whether stigma-height dimorphism was an intermediate stage in the transition from approach to reciprocal herkogamy, as postulated in both models and supported by comparative evidence (Graham and Barrett, 2004; Ferrero et al., 2009) . Significantly, our observations of the basal species E. grande indicate that some populations possess stigma-height dimorphism, as well as distyly (see Wolfe et al., 2009) , so it seems quite likely that in this group stylar polymorphism may indeed be an intermediate condition on the pathway to distyly.
Evolutionary breakdown of distyly to homostyly
Our historical reconstructions of the evolution of herkogamic and non-herkogamic conditions in Exochaenium indicated five losses of floral dimorphism (Fig. 2) . Four of the five transitions involved the evolution of populations with anthers and stigmas at roughly the same height within a flower (homostyly). In three of these cases, the transition to stylar monomorphism is not complete as species still exhibit populations with stylar dimorphism. For example, E. grande is a widespread species growing throughout Africa from Mali to Ethiopia to South Africa. Most populations are distylous or have stigma-height dimorphism, but some are monomorphic with stamens and anthers at more or less the same level [formerly described by Hill (1908) as E. macranthum]. The complete loss of heterostyly apparently has only occurred in the common ancestor of E. clavatum and Exochaenium sp. nov. The occurrence of both heterostylous and homostylous populations is commonplace in heterostylous species (e.g. Baker, 1966; Charlesworth and Charlesworth, 1979b; Barrett et al., 1989) , and such intraspecific variation can provide important insights into the ecology and genetics of the breakdown process.
The remaining three transitions from distyly to homostyly in Exochaenium were associated with changes to flower presentation. The distylous taxa exhibit pendulous flowers whereas the non-herkogamic species possess erect flowers. Pendulous flowers may be associated with more effective pollinator handling by long-tongued pollinators, and this association also occurs in heterostylous Narcissus species (Pérez-Barrales et al., 2004) . However, the functional basis of repeated switches from pendulous to erect flowers in homostylous taxa is unclear.
In three of the four transitions, the flowers of homostylous species were smaller than in their distylous ancestors. The association between homostyly and small flowers is widely reported in the literature on heterostyly and is usually the result of a shift in mating system from outcrossing to predominant selfing (e.g. Baker, 1966; Barrett et al., 1989; Schoen et al., 1997) . However, reduced flower size is not always associated with the acquisition of homostyly, and in some cases derived homostylous populations have flowers of equivalent size to heterostylous relatives and possess mixed mating systems (e.g. Barrett and Shore, 1987) . This may be especially likely if homostyly is of recent origin and changes in sex allocation are only weakly developed ). Studies of the mating system of homostylous populations of Exochaenium species would be useful to confirm that the loss of herkogamy has indeed resulted in high selfing rates.
Although the selective mechanisms responsible for the evolutionary breakdown of distyly to homostyly in Exochaenium are not known, it seems probable that this transition is associated with uncertain pollinator service. The annual life history of Exochaenium species, combined with the fluctuations in population size that are typical of annual species, may have led to selection for reproductive assurance if pollinators became unreliable owing to changes in demographic conditions. The vast majority of heterostylous species are perennial, and it may be significant that the few that are annual are most often self-compatible and appear to be particularly prone to the breakdown of heterostyly and the origin of selfing (e.g. Barrett et al., 1989; Schoen et al., 1997) . Self-compatibility has been reported from Exacum (Riesman et al., 2006) and Sebaea (Hill, 1913) , but, with the exception of E. grande, which possesses a dimorphic incompatibility system (Wolfe et al., 2009) , nothing is known about the compatibility systems of the remaining distylous Exochaenium species.
Transition to reverse herkogamy
Reverse herkogamy is a much less frequent condition than approach herkogamy among angiosperm families, and is most commonly associated with long narrow floral tubes and lepidopteran pollination, particularly by hawkmoths (Grant and Grant, 1965; Webb and Lloyd, 1986; Endress, 1994; Kulbaba and Worley, 2012) . Our reconstructions indicated a single transition from distyly to reverse herkogamy involving E. teucszii. This species has very long (.20 mm), narrow, cylindrical floral tubes and erect white flowers that are characteristic of the hawkmoth pollination syndrome (Faegri and van der Pijl, 1971) . We observed hawkmoths visiting flowers at twilight, so it seems probable that this species is primarily hawkmoth pollinated. Long funnel-shaped floral tubes characterize distylous species of Exochaenium, and it is possible that Lepidoptera are also pollinators of some species. Such 'depth-probed' pollination by long-tongued pollinators is important for mediating disassortative pollen transfer in heterostylous species (Lloyd and Webb, 1992b) . If this is true, the transition to reverse herkogamy in Exochaenium may have been a relatively simple switch involving the loss of the long-styled morph from populations and adjustments to floral morphology, including a narrowing and lengthening of the floral tube and changes to the orientation of flowers. However, if the ancestral distylous species possessed dimorphic incompatibility, loss of intramorph incompatibility in the S-morph would also be required. Experimental manipulation of flowers from an upright to a pendent position in Aquilegia pubescens resulted in a reduction in hawkmoth visitation by an order of magnitude (Fulton and Hodges, 1999) , supporting the interpretation that in E. teuczii the change from pendent to erect flowers is associated with the transition to hawkmoth pollination. Elsewhere in Gentianaceae other transitions to reverse herkogamy are evident in the tribe Saccifolieae, which contains distylous species, and also in Sebaea and Tachiadenus (J. Kissling, unpubl. res.) , and it would be worthwhile investigating if such transitions are also associated with erect flowers and hawkmoth pollination.
In conclusion, our reconstructions of the evolutionary history of herkogamous and non-herkogamous conditions in Exochaenium support the hypothesis that modifications in the floral traits of populations are associated with the pollination biology of populations, including shifts in the types of pollinators visiting flowers, or insufficient visitation to maintain fertility. Nevertheless, more sampling is clearly desirable to determine the extent of intraspecific variation in floral traits, including the types of herkogamy. Several species that we investigated exhibit variation in stigmaanther position, and future studies could profitably examine the pollination and mating biology of populations in these species.
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